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FOREWORD

This report has been prepared by Hughes Tool Company -- Adrcraft
Division under TSAF Contract AF 33(600)-30271 "Hot Cycle Preaau;c
Jet Rotor System", D/A Project Number 9-38-01-000, Subtask 616.

The ¥4t Cycle Pressure Jet Rotor System is basel on a prin-
¢iple whezein the exhaust gases from high pressure ratio turbojet
engine{s) located in the fuselage are ducted through the rotor hub
aps blades and are exhausted through a nozzle at the blade tips.
Forces thus produced drive the rotor.

The objectives of this ocatraot are to:

1. ‘Analyze utility of the concept as applied to helicopters,

compound helicopters, and convertiplanes of various sizes.

2. Demonstrate structural feasibllity by design, fabrication

and whirl test of a rotor (25 hours of whirl test).

3. Further 2xplore rotor characteristics.

a. Aerodynamic and Dynamie (additional 10 hours of
whirl test)

b. Endurance-type check (additional 25 hours of whirl
test)

k, Study control problems involved in gas coupled engine

and rotor.

This report covers that portion of the work pertaining to
analysis of the design prior to whirl test, specifically a study
of blade potential resonances. It is in partial fulfillment of
Iﬁcl 4e, covering Analysis Pertaining to Design of the Rotor Systenm,
performed under Item &b of the contract.
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SUMMARY

Figure 1 presents the predicted blade elastic resonant condi-
tions for the Hot Cycle whirl test rotor. This figure indicates
fhe rotor should be free of resonance within the operating range.

The apparent resonance of chordwise cantilever second mode
with a 6/rev exciting force in the operating range of KPM is not
expected to occur. This 18 because the exciting forces are
assuned of aerodynamic origin and, in a 3-bladed rotor, 6/rev

aerodynamic forces will sxcite chordwise pinned modes only.
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* METHOD OF ANALYSIS

The Myklestad method of determining the theoretical natural
frequencies was used. A discussion of this methed iz presented in
the Appendix. The Myklestad analysis was progrsmed on the IBM
T090 computer. The analysis uses 21 stations and determines the
natural frequency to within .001 rad/sec.

The natural frequeiicy occurs when the bending moment at the
root 1s zero on a pinned free blade (flapwise bending) and when
the angle at the root ia zero for a fixed fres blade (chordwise
cantilever bending)* Thus, it 1s necessary to compute the root
moment or angle at various frequencies (w) to determine the re-
sonance point. This was done by starting at W= 1,2 x rotor
speed and increasing (W until the root moment or angle changes
sign. After a change in sign cccurs, a parabola is pessed through
the last three points to determine the next try for &/. This is
done until (Jconverges to within ,00) rad/sec. The mode shape
is then determined for this resonant frequency. The program
continues inocreasing & and searching for the resonant frequen-
cies until four modes are obtained.

It is known that, approximately

2 2 2
Wrot ™ Whon-rot * kN (1)
where 4, . = the natural frequency of the rotating blade
6unon~rot = the non-rotating natural frequency of the blade

£l = rotating frequency of the rotor

k « a numerical factor which differs for each mocde.

* See Figure 2 for wode shapes.
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The theoretical value of k was obtained from the lMyklestad
analysis described above. This was done {for all bending modes
of Flgure 1 with the exception of the chordwise cantilever second
mode which was developed from an Intema& analysis, Reference 1,
Then, from shake test results®, the actual value (or in most

cases range of values) ror‘a’non-rot was determined. These values

were reduced by a factor [ 14 x 106 which 1s meant toc account
16 x 10°

approximately for the reduction of the modulus of elasticity of

the titanium spars from the room temperature value at which the
shake tests were performed to the value when the spars are at whirl
test operational tsmperatures.

Having then estzblished ey the value of k determined
as described above was assumed to be valid for the actual blade.
Under these conditicns, the frequency lines of Figure 1 were
plotted.

The measured chordwise cantilever frequencies were corrested
for the tension load applied to prevent buckling of the straps.

The chordwise pin-end mode was corrected from the test oondi-
tion (pinned at the feathering ball) to the operational condition
(pinned at the rotor shaft).

The third mode flapwise frequency curve is based entirely on
theoretical calculations inasmuch as the shake tests were not car-

ried out to high enough frequency to excite the non-rotating third

mode flapwise frequency.

% Reference 2
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DISCUSSION

Table 1 prgsents the predicted Hot Cycle Rescnances bhetween
TOr and 997 of Minimum Normal Operating Rotor LPlM. These values
wer® obtatned from Figure 1
Table I

iredicted Hot Cycle Resonances Betwasn

105 end 99% of iiniwun Normal Operating Rotor RPM

Sublyston'nntural Frequency} Rotor RPN % Minioun Remarks
- ~ |Ratio (per rev) At Normal Operating
At Rssonance Resonance RPM
Plapwise 5/vev 151-193 72-88
2nd Node
Flapwise 1/rev 205 ol
3Ird Mode
Chordwise 2/rev 175 80
antilever
Iat lMode
Chordwice 6/rev 197 S0
Pinncd
1st Mode
[Chordwise 7/rev 188-197 86-090
Cantilever
z2nd [iede
&/rev 16h-172 T75-78

Elastic Flapwise liodes

1st Mode Plapwise - The predicted natural frequency ratio

squared as a functicn of rotor rpm squared is shown in Figure 1.
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At about 85 ypm, the natural frequency ratioc 1s 3/rev. Thereafter,
28 rotor speed increases, the frequency ratin moves toward 2/rev
and farther away from a multiple of rotor speed. There appears

to be no problem in this wode.

2nd Mode Flapwise ~ The seoond mode flapwize natural frequency

is alsao shown in Figure 1. The natural frequency ratio passes
through 6/rev, and higher rescnances below 139 rpm. The range of
possible second mode flapwise resonance with 5/rev indicates a
possibility of resonance as high as 193 rpz (88% of the uini-hm
operating rpm).

3rd Mcde Flapwise - The predicted third mode flapwise rcgon-
ance also appears in the figures. This prediction is less rell-
able than the lower modes zince there were no attempts during shake
tests to find a stationary third mode frequency. A 7/rev reson-
ance at 205 rpm (94% of wminimum rpm) is indicated.

Elastic Chordwise Modes

For chordwise elastic vibration there exist two possible end
conditionas at the centerline of rotation. The end condition de-
pends on whether the elastic motions of the three blades are in
phase or out of phase. If all three blade motions are in phase,
then the centar of rotation behaves as a pinned beam. For aero-
dynamic foreing, the pinned end condition should ococur at 3/rev,
6/rev, 9/rev, etc. -

If the blade motions are opposed to one another, then the
center of rotation behaves as a fixed beam. Aerodynamic forcing for

fixéd root modes should occur at all multiples of rotor speed
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except integer multiples of the £otal number of blades (in this

case, 3).

18t Mode Chordwise Pinned - At rotor speeds less than normal

operating rpm, lef mode chordwise plnned should be in resonance” wish
9/rev at 125 rpm and 6/rev at 197 rpm. This latter value is 907
of minizum normal operating rpm.

No higher wodes of chordwise pinned are considered since they
will be of quite high frequency and are unsubstantiated by anyulh;ko
tests. '  : ; i

First lode Chordwise Cantilever - As seen ia Figure 1, the
slope of the plot of first node:chobdwiaé'pantiltvtr 1s.ima11 and
the value of frequency @s rat&iriigiQA Thﬁi, the frequency plot
crosies all.thg per rev lincs exécﬁt 1/%ev:bo1ow operating rpm. At
175 rpm, this wode 1s in resonance with a a/&ov.torco. In the oper-
ating range, the froquanny apﬁoar: to b.’adequately below a/bdi
and above l/rev.,

‘Second ifode Chordwise Centilever - This frequency plot is inter-
cepted by a 6/rov line in the operating renge of rpm. However, if
it is assuced all foroing functions for this wode are of aerodynamis
origin,“thén any 6/rev harmonic would excite a pin-ended mode and
not a fixed endsd wode. On this basis it is assumed no seriocus re-
sonance with 6/rev forces will occur for this mode.

Resonance with 7/rev or 8/rev harmonics of an aerodynamioc
execiting force asre possible, however. Resonance with T/rev for
second mode cantilever is possible at 1G7 rpm as seen in Pigure 1,

This is S0% of uwiniwmum normal operating rpm.
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SYMBOLS FOR APPENDIX A

Cross section area.
Centrifugal force.
Deflection due to shear, ses Figure 3.

Deflection due to moment, ses Figure 2.

Modulus of slasticity,

Hinge cffaet.

Modulus of rigidity.

Lunped mass woment of inertia.

Cross secticn area mowent of inertia.

Inertia foree.

Isertia noment.

Constant d‘pcnding‘on shupe of cross section,
see¢ equation 1.

Length of blade segment, ses Figure 1.
Distange between luaped wasses, see Figure 1.
Mowent.

Lunped wmass, ses Figure 1.

Distance from centerline to section of blade,
ses Figure 1.

Shear

Slope due to shear, see Figure 3.

Slope due to moment, see Figure 2.
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Subseripts

1 =

Distance from hinge to section of blade, see
Bigure 1.

Deflection.

Slope.

Rotor angular velocity.

Natural frequency.

Refera to station.
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